ABSTRACT Feed was totally withdrawn from laying hens (n = 30, Hy-Line Brown, 608 d of age, 2.04 ± 0.07 kg of mean BW) to induce molting. Ten birds were slaughtered on d 0 and 12, and the hepatic and myocardial triacylglycerol (TAG) and phospholipid (PL) fatty acid composition, as well as the tissue malondialdehyde (MDA) and reduced glutathione (GSH) concentrations were determined. The liver TAG and PL contents decreased by 24.3 and 16.1%, respectively, whereas the myocardial TAG content increased by 12%, and the PL decreased by 22%. Liver TAG fraction has been found to selectively retain arachidonic and docosahexanoic acids. Hepatic PL fatty acids were markedly affected by fasting;
INTRODUCTION
Induced molting of laying hens is widely applied for improvement of the second cycle of egg production (Keshavarz and Quimby, 2002) . Alternative methods without total feed withdrawal are highly desirable (Ruszler, 1998; Park et al., 2004) . Methods using partial feed restriction are called nonfeed-removal techniques and are more preferred, as these are not less effective from the viewpoint of the postmolt egg production performance (Biggs et al., 2003) .
Because conventional forced molting is based on total feed withdrawal, from the viewpoint of prolonged fasting this process is highly interesting in that refeeding generally leads to total restitution of the hens. During molt lipid stores are a primary source to compensate for caloric restriction, thus lipid metabolism is of great importance. Accordingly, the differential use or retention of fatty acids in different species (rat: Renaud et al., 1980; Chen and 2005 Poultry Science Association, Inc. Received for publication July 6, 2004 . Accepted for publication October 10, 2004. 1 To whom correspondence should be addressed: szan1125@ freemail.hu. 106 these changes reflected an altered PL metabolism, primarily degradation. Liver TAG compensated for the absence of dietary fatty acids, because we found practically no qualitative alteration in myocardial TAG. The lipid peroxide status, as measured with MDA content was, accordingly, increased in the liver tissue only. In the myocardial PL fatty acids, preferred conservation of arachidonic acid was shown, and it was hypothesized that energy deprivation of cardiomyocytes strongly improved PL degradation in fasting laying hens and influenced PL homeostasis. Generally the physiological recovery from forced molting associated with fasting is complete; however, the use of total feed withdrawal methods should be reevaluated. Cunnane, 1992; lizard: Gillett and Lima, 1984) , in different organs (liver: Lefkowith, 1990 ; heart: Cunnane and Karmazyn, 1988) , and in divergent lipid fractions (Renaud et al., 1980; Lefkowith, 1990) has been intensely investigated.
The liver and heart show marked total fat content changes, and triacylglycerols (TAG) are primarily involved in lipid replenishment (Chen and Cunnane, 1992) , although during prolonged fasting phospholipids (PL) also show quantitative and compositional alterations (Renaud et al., 1980) .
From the aspect of fatty acid composition, liver TAG generally show marked retention of arachidonic and docosahexanoic acids in fasted states, whereas eicosapentanoic acid is often strongly depleted (Cunnane, 1990) . In contrast, liver total PL revealed highly increased arachidonic acid amounts in an essential fatty acid deficient condition in rats (Lefkowith, 1990) . In summary, liver plays a central role in the maintenance of the polyunsaturated fatty acid homeostasis (Lefkowith, 1990) . In this process the TAG speciation is an important factor, which is protective for polyunsaturated TAG subclasses (Cunnane, 1990 ).
In myocardial lipids Bressler and Friedberg (1964) characterized the selectivity of the fatty acid oxidase enzyme during fasting. Interestingly, cardiac TAG content increased in fasted mice during a 16-to 48-h study (Suzuki et al., 2002) , in which cardiac hormone-sensitive lipase played a key role (Suzuki et al., 2001 ). In contrast, Arnall et al. (1988) reported fasting-induced increases in cardiac TAG oxidation in a 3-d study, adding that also quantitative and qualitative gender-associated differences were described in the cardiac fuel metabolism during fasting of rats.
The present study investigated a relatively long fasting period, the induced molting of laying hens. We focused on the selective fatty acid metabolism of hepatic and myocardial TAG and PL as well as on reduced glutathione (GSH) and malondialdehyde (MDA) concentrations of these 2 organs.
MATERIALS AND METHODS

Experimental Birds
Hyline Brown (n = 30) laying hens were randomly selected from a large population kept in cages; birds were 608 d old with an average BW of 2.04 ± 0.07 kg. Before the experiment, hens were fed a finishing diet for laying hens (Table 1) .
Hens were placed on deep litter, and from the first day feed was totally withdrawn, while water was offered ad libitum. The light was set to 8 lx in an 8-h period with 16 h of darkness, and the temperature was 14 ± 1.2°C.
Body weights were obtained every 3 d (0, 3, 6, 9, and 12 d of molting), and the molting protocol was terminated when the hens had lost 20% of their BW (1.62 ± 0.09 kg).
On d 0 and 12, 10 randomly chosen birds were slaughtered. Hearts and livers were removed and immediately frozen until analyses. The remaining 10 birds were refed and successfully induced to egg production.
Determination of Tissue PL and TAG Fatty Acid Composition
Tissue fat content was extracted according to Folch et al. (1957) . Complex lipids were fractionated according to the protocol of Leray et al. (1997) . Briefly, extracted lipids were transferred to glass chromatographic columns containing 300 mg of silicagel (230 to 400 mesh) for 10 mg of complex lipids. Neutral lipids were eluted with 10 mL of chloroform for the above fat amount, and then 15 mL of acetone:methanol (9:1 vol/vol) was added, and 10 mL of pure methanol was used to elute total PL. Neutral lipids were evaporated under N 2 , and TAG fur- 22.6 C18:2 n-6 34.21 C18:3 n-3 0.95 C20:0 1.14 C20:1 n-9 0.79 C20:4 n-6
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ther purified on silicagel G60 plates 2 in a solvent system of hexane, diethyl ether, and formic acid (80:20:1 vol/ vol/vol) (Cerolini et al., 1997) . TAG spots were identified using primuline 3 spray [5 mg in 100 mL of acetone:water (80/20, vol/vol)] and scraped off the plates and extracted 3 times with chloroform:methanol. Both PL and TAG were transmethylated with BF 3 and methanol.
Gas liquid chromatography was performed on a Shimadzu 2100 apparatus, equipped with a SP-2380 4 type capillary column (30 m × 0.25 mm i.d., 0.20 µm film) and flame ionization detector (2 × 10 −11 ). Operating conditions were as follows: injector temperature: 270°C, detector temperature: 300°C, helium flow: 28 cm/s. The oven temperature was graded from 80 to 205°C and increased by 2.5°C/min, 5 min at 205°C, increased from 205 to 250°C at 10°C/min, and 5 min at 250°C. To identify individual fatty acids, an authentic fatty acid standard (Mixture Me100 5 ) was used. Enzyme activities involved in fatty acid biosynthesis were estimated from the primary fatty acid results. Estimated elongase activity was calculated as the stearic (C18:0) to palmitic acid (C16:0) ratio, ∆5 desaturase as arachidonic acid (C20:4 n-6) to the dihomo-γ-linolenic acid (C20:3 n-6) ratio; ∆6 desaturase as γ-linolenic acid (C18:3 n-6) to linoleic acid (C18:2 n-6) ratio, whereas ∆9 desaturase activity was given as the oleic (C18:1 n-9) to stearic acid ratio.
Determination of Tissue MDA and GSH Concentration
The MDA concentration was determined from homogenized (Ultra Thurrax from frozen samples to avoid further oxidation during thawing (Lawrie, 1974) after addition of 0.9 mL of physiological saline (0.9% wt/vol NaCl) per 1 g of tissue. Estimation of TBA-reactive substance levels was performed by the method of Placer et al. (1966) . The assay procedure was calibrated using tetra-ethoxypropane 7 as a MDA source, and levels of tissue sample MDA were calculated in micromoles per gram of wet tissue.
Tissue samples (0.5 g) were homogenized in 9-fold volume of 0.65% NaCl, and the samples were stored at −20°C until analysis. The glutathione concentration was measured spectrophotometrically after deproteinization with trichloroacetic acid (10% wt/vol) in alkaline buffer (0.4 M Tris-HCl, pH 8.9) using Ellmann's reagent (5,5′-dithiobis-2 nitrobensoic acid) according to the method of Sedlak and Lindsay (1968) .
Statistical Analyses
Differences between the initial and final point of molting were tested by ANOVA. The effect of BW was involved as a covariant in the model. SPSS 10 (1999) was used for the analyses.
RESULTS
As a result of the 12-d fast, the average liver weight decreased from 24.3 ± 4.5 g to 18.5 ± 2.2 g (P < 0.005), and that of the heart decreased from 8.9 ± 0.7 g to 7.3 ± 1.4 g (P < 0.008). The liver TAG and PL content decreased by 24.3 and 16.1%, respectively, whereas myocardial TAG content increased by 12, and PL decreased by 22%. The weight of total fat depots decreased from 88.2 ± 10.4 g to 45.4 ± 8.2 g (P < 0.005). When organ weights were expressed relative to BW (g of organ/100 g of BW), the relative liver weight decreased 4.2%, whereas relative heart weight increased 3.2%.
Liver Fatty Acids
In the liver TAG (Table 2) increasing tendencies in pentadecanoic (C15:0), gondoic (C20:1 n-9), and nervonic (C24:1 n-9) acid proportions were found, whereas palmitic (C16:0) acid decreased significantly. A borderline significant decrease was shown for γ-linolenic (C18:3 n-6) acid. The estimated ∆9 and ∆6 desaturase activity values tended to decrease, whereas there was a large decrease in the n-6/n-3 ratio.
There were large proportional changes in the fatty acid profile of hepatic PL (Table 3 ). Significant decreases were found in palmitic, palmitoleic (C16:1 n-7), oleic (C18:1 n-9), and docosahexaenoic (C22:6 n-3) acids as well as in the estimated ∆9 desaturase activity and the sum of monoenoic fatty acids. In contrast, increases were measured in the proportions of stearic (C18:0), translinoleic (C18:2 n-6 t), α-linolenic (C18:3 n-3), gondoic, eicosadienoic 7 Fluka, Buchs, Switzerland. 37.36 ± 5.87 36.63 ± 1.98 NS C18:2 n-6 (t) 0.00 ± 0.00 0.05 ± 0.07 NS C18:2 n-6 (c) 27.96 ± 4.16 28.00 ± 1.78 NS C18:3 n-6 0.29 ± 0.20 0.09 ± 0.09 0.073 C18:3 n-3 0.57 ± 0.15 0.58 ± 0.04 NS C20:0 0.05 ± 0.11 0.14 ± 0.09 NS C20:1 n-9 0.31 ± 0.23 0.53 ± 0.14 0.091 C20:2 n-6 0.09 ± 0.19 0.18 ± 0.12 NS C20:3 n-6 0.08 ± 0.15 0.11 ± 0.10 NS C20:4 n-6
1.33 ± 37.79 ± 5.63 37.61 ± 1.89 NS n-6/n-3 17.97 ± 6.65 10.00 ± 2.80 0.035 C18:0/C16:0 0.27 ± 0.15 0.40 ± 0.02 NS C18:1 n-9/C18:0 6.94 ± 2.50 4.57 ± 0.63 0.07 C18:3 n-6/C18:2 n-6 0.01 ± 0.01 0.00 ± 0.00 0.054 C20:4 n-6/C20:3 n-6 8. (C20:2 n-6), arachidonic (C20:4 n-6), eicosapentanoic (C20:5 n-3), and nervonic acids. Moreover, the sum of polyenoic, n-3 and n-6 fatty acids, the n-6/n-3 ratio, the sum of C20-C22 polyunsaturated fatty acids, and the estimated elongase and ∆5 desaturase activities increased significantly.
Heart Muscle Fatty Acids
In the TAG of the heart muscle, α-linolenic acid showed a significant proportional decrease during the total 12-d fasting period (Table 4) , whereas a decreasing tendency was found for γ-linolenic acid.
Proportions of myocardial phospholipids (Table 5 ) myristic (C14:0), pentadecanoic (C15:0), trans-linoleic (C18:2 n-6 t), gondoic (C20:1 n-9), eicosadienoic (C20:2 n-6), eicosatrienoic (C20:3 n-6), and docosahexaenoic (C22:6 n-3) acids decreased significantly. In contrast, a strong increase was observed for the estimated ∆5 desaturase activity (calculated as the quotient of C20:4 n-6/C20:3 n-6). 
Liver and Heart Muscle GSH and MDA Concentrations
In liver and heart muscle, no marked changes were found in GSH concentration (measured values were 135.4 ± 10.4 µmol/g and 136.1 ± 9.5 µmol/g for the liver and 102.8 ± 12.1 µmol/g and 75.9 ± 13.5 µmol/g for the heart, at the initial and fasted states, respectively). In contrast, the liver tissue MDA concentration increased markedly (Figure 1 ).
DISCUSSION
Birds and mammals adapt to prolonged fasting by mobilizing fat stores and minimizing protein loss (Cherel et al., 1992) . During this process TAG stores are intensively hydrolyzed (depleted); a defined fatty acid preference order for the adipose TAG has already been described. This fatty acid selective hydrolysis in TAG may be attributed to numerous factors, such as fatty acid molecular properties and enzymatic characteristics of hormone-sensitive lipase (Raclot, 2003) , leading ultimately to differences in the fatty acid supply of the organs. This pattern suggests different preference order of hydrolysis of the 36.47 ± 1.58 36.72 ± 1.18 NS n-6/n-3 13.15 ± 7.14 16.52 ± 1.25 NS C18:0/C16:0 0.29 ± 0.02 0.29 ± 0.03 NS C18:1 n-9/C18:0 6.04 ± 0.07 6.18 ± 0.55 NS C18:3 n-6/C18:2 n-6 0.01 ± 0.00 0.01 ± 0.00 NS C20:4 n-6/C20:3 n-6 4.51 ± 0. fatty acids of different lipid fractions among organs. Moreover, the preference order among organs for the supply of oxidizable substrates in a deficient state may also differ. This result was also found in the BW-related decrease of the liver weight, whereas a slight increase was found for the relative heart weight in this study.
As far as we are aware, the use of long-chain fatty acids from tissue lipids during induced molting of laying hens has not been reported. The special character of the molting may be the relatively long fasting period and the consequent large BW loss by birds (Brake and Thaxton, 1979) . In the present study a 48.5% decrease was found in the total fat depots. According to Lefkowith et al. (1985) , prolonged lack of essential dietary fatty acids is first indicated by the liver and heart as demonstrated in the present study.
Liver TAG
Changes observed in the liver TAG are in part supported by data previously reported for mammalian species. The decrease in palmitic acid was supported by the results of Chen and Cunnane (1992) , who reported the same process with fasting rats. This finding underlines 0.00 ± 0.00 0.00 ± 0.00 NS C18:3 n-3 0.02 ± 0.02 0.00 ± 0.00 NS C20:0 0.15 ± 0.01 0.16 ± 0.00 NS C20:1 n-9 0.24 ± 0.02 0.13 ± 0.00 0.001 C20:2 n-6 0.37 ± 0.11 0.18 ± 0.02 0.025 C20:3 n-6 0.50 ± 0.04 0.33 ± 0.01 0.001 C20:4 n-6 24.53 ± 1.25 26.88 ± 2.21 NS C20:5 n-3 0.20 ± 0.05 0.16 ± 0.02 NS C22:6 n-3
1.38 ± 0.13 1.18 ± 0.12 0.056 C24:1 n-9
1.09 ± 9.93 ± 0.92 9.43 ± 0.64 NS n-6/n-3 1.60 ± 0.83 1.94 ± 0.12 NS C18:0/C16:0 1.42 ± 0.12 1.49 ± 0.02 NS C18:1 n-9/C18:0 0.41 ± 0.06 0.39 ± 0.02 NS C18:3 n-6/C18:2 n-6 0.00 ± 0.00 0.00 ± 0.00 NS C20:4 n-6/C20:3 n-6 49. Unsaturation index: 1 × Σ monoenoic + 2 × Σ dienoic + 3 × Σ trienoic, and so on. the great importance of palmitate as an oxidizable source in an energy-deficient condition (Cunnane and Karmazyn, 1988; Cunnane, 1990) . In contrast, the total proportion of polyenoic fatty acids was unaltered, although the balance between n-6 and n-3 fatty acids was strongly modified. The decreased n-6/n-3 ratio underscores the important role of the liver in maintaining the polyunsatu-FIGURE 1. Changes in the myocardial and hepatic malondialdehyde concentration during forced molting. rated fatty acid balance for other organs in a strongly deficient state. Accordingly, in myocardial TAG no marked alteration was found in the n-6/n-3 ratio. Because the liver is primary site for C20 long-chain polyunsaturated fatty acid synthesis, during restricted dietary fatty acid supply (i.e., zero in this study) hepatic fatty acids are a basic source for extrahepatic organs [e.g., heart or kidney (Lefkowith et al., 1985) ].
In contrast to literature data, we could not detect the strong replenishment of eicosapentanoic acid as reported by Cunnane (1990) in rats, although the marked preservation of arachidonic and docosahexanoic acids was supported also by the present study. Both of the above-mentioned fatty acids were the major constituents of the hen hepatic TAG C20 to 22 polyunsaturated fatty acid content. In fact, the essential fatty acid profile of tissue TAG is mainly determined by the dietary essential fatty acid intake (Cunnane, 1990) , meaning a relatively low intake of arachidonic acid in this present study (Table 1) .
Although in our experiment the proportion of stearic and oleic acids was not provably influenced by the fasting, the estimated ∆9 desaturase activity was slightly lower in the fasted birds' liver TAG. Interestingly, the sum of n-9 fatty acids was unaltered in the hepatic TAG, whereas 2 of the n-9 fatty acids (C20:1 n-9 and C24:1 n-9) showed proportional increases. Although these were only near significant alterations (Table 2) , they are consistent with the increase of the n-9 fatty acids under conditions of deficient essential fatty acids, as reported with mice by Lefkowith et al. (1985) . The above findings indicate that liver, and especially its TAG content, is of central role in the supply of other organs during feed deprivation. Chen and Cunnane (1992) reported that liver PL fatty acid composition is altered after 24 or 48 h of fasting in rats. Our results obtained during a longer fasting period revealed marked proportional changes in the fatty acid profile. Changes may be partly attributed to the longer nonfed period. Moreover, the molting process leads to sexual quiescence, meaning a strong drop in the blood level of estrogen, which has a strong influence on hepatic lipid metabolism of laying hens. However, general agreement was found with the results of Chen and Cunnane (1992) in rats, in the marked increase of stearic and arachidonic acid proportions in the total hepatic PL (Table  3) , referring to a preferred retention of these acids during fasting. Furthermore, Lefkowith et al. (1985) reported that hepatic PL sensitively indicate essential fatty acid deficiency, even in a partial form. Accordingly, the preferential retention of arachidonate in the liver total PL was supported by Lefkowith (1990) .
Liver PL
In contrast to the above results, fasting induced a decrease in the docosahexanoic acid proportion in the hen liver PL fatty acid profile, which was not supported by literature data. Interestingly, the total proportion of polyenoic fatty acids increased significantly, generally at the expense of the monoenoic fatty acids, as the sum of unsat-urated fatty acids was unaffected by fasting. The altered balance within the polyenoic fatty acid group was also reflected by the borderline significantly increased n-6/n-3 ratio. The conservation of n-6 fatty acids in the hepatic PL was characteristic, whereas it was less pronounced for the n-3 fatty acids. Taking the significant increase of the estimated ∆5 desaturase activity into account, the present results seem also to support the statement of Matsuzaka et al. (2002) that the ∆5 desaturase activity is fasting induced.
In general it was found that liver was unable to maintain normal membrane lipid composition during prolonged fasting, such as molting of laying hens induced by total feed deprivation. This was further supported by the absolute and relative liver weights, which decreased as a consequence of fasting as reported by Brake and Thaxton (1979) .
Myocardial PL
Myocardial membrane integrity is relatively sensitive to ischemic (Ivanics et al., 2001) or energy-deficient (Van der Vusse et al., 1997) conditions. Moreover, the augmented conservation of arachidonic acid in the myocardial PL, as reported by Lefkowith et al. (1985) , was also detected in fasting laying hens. Although no proportional modification was found for arachidonic acid, its precursor, dihomo-γ-linolenic acid was markedly lower after fasting. As a direct consequence, the estimated ∆5 desaturase activity was highly elevated. Hypothetically the precursor fatty acids seem to be more sensitive indices for an extremely negative nutritional condition than the product fatty acids (here arachidonic acid).
The proportional modifications of significant fatty acids (taking the 22% loss of PL into account) found were characteristically decreased in regard to increased membrane lipid deacylation. Impaired reacylation or improved hydrolysis of PL may also be responsible for these results. This fasting-induced process may slightly be similar to an ischemic condition of the myocardium, where augmented PL fatty acid hydrolysis has also been described (Van der Vusse et al., 1997) . It is thus supposed that energy deprivation of cardiomyocytes strongly improves PL degradation in fasting laying hens and hardly influences PL homeostasis. This is supported further by the strong PL loss described by Chen and Cunnane (1992) .
Myocardial TAG
In contrast to membrane or structural lipids, the primary role of myocardial TAG is to provide substrate fatty acids for oxidative metabolism (Lewin and Coleman, 2003) . Fasting increases myocardial TAG content as in the present study, and this result is supported by the results of Chen and Cunnane (1992) . According to Bressler and Friedberg (1964) , the myocardial long-chain fatty acid oxidation is characterized by a substrate competition among palmitic, oleic, and linoleic acids. Taking into account our observations of minor proportional changes in TAG fatty acid profiles, we hypothesized that the cardiomyocyte fatty acid uptake originated primarily from extracardial sources, such as circulating free fatty acids, which is a preferred way in pathophysiological conditions (Lewin and Coleman, 2003) . Thus, from the present results it can be concluded that molt-associated fasting did not induce serious qualitative changes in the myocardial TAG fraction. Moreover, the protection of this lipid fraction was also proven by increased myocardial TAG content and as supported by Bressler and Friedberg (1964) . Liver was found to play a general protective role for the heart, because relative heart weight and myocardial TAG content increased, whereas opposite changes were detected for the liver.
Glutathione and MDA Concentrations
As a consequence of fasting, only liver MDA content showed a marked increase. MDA is of a highly informative value regarding the tissue peroxidative status in young pullets (Pikul, 1985) . According to Naziroglu et al. (2000) , feed withdrawal reduces the rate of forming TBAreactive substances because of the lower amount of substrate, namely polyunsaturated fatty acids. In contrast, the present study applied a more prolonged fasting, in which crude fat content and absolute and relative liver weights were markedly lowered. Because the latter factor was also taken into account, it is supposed that MDA content can be greatly increased in a condition characterized by membrane lipid degradation. Although short feed deprivation does not directly augment hepatic lipid peroxidation, prolonged fasting or energy deprivation does [e.g., in fish (Pascual et al., 2003) and rat (Tanigawa et al., 1999) ].
In conclusion, induced molt evoked quantitative and qualitative changes in the hepatic TAG and PL fractions. Major changes indicated that a 12-d period of total feed restriction led to serious hepatic membrane lipid degradation, which was also supported by a strongly increased rate of lipid peroxidation. In contrast, during this condition hepatic TAG play a central role in the maintenance of the polyunsaturated fatty acid homeostasis. Cardiac TAG, compared with liver TAG, were less affected by the fasting. This protection possibly arose from the strong hepatic TAG depletion. Because the 12-d fasting period induced drastic alterations in tissue lipid metabolism, total feed withdrawal during forced molting is a very questionable practice.
